Hyperchromicity measurements and quasi-elastic laser light scattering (QELS) have been used to assess the solution structure of the metabolically stable _E. coli 4,5S RNA
INTRODUCTION
The E_. coli 4 5S RNA is a small, metabolically stable species that normally occurs in the cell at the level of a single tRNA. Although it was one of the first RNAs to be sequenced (1) it has received only slight attention since and its function is not yet known. Biosynthesis of this species has been shown to be under stringent control (2) and to involve nucleolytic processing by RNAse P, a tRNA maturation enzyme (3) . Together these latter findings suggest that this species may have a tRNA-related function. Inspection of the nucleotide sequence suggested that the 4.5S RNA may be structurally unique compared with other small RNAs such as tRNA and 5S RNA. In this regard it was possible to fold the sequence into a highly paired, extended stem-loop structure (1).
Our laboratory has recently initiated work on the 4.5S RNA and its gene with a view to characterizing its synthesis, structure and function. To this end the gene has been cloned and sequenced and shown by genetic means to be required for cell viability. Recombinant strains which overproduce the 4.5S RNA by 15-30 fold have also been developed, making it more feasible to undertake detailed studies of the RNA itself. In the condition of greatest abundance the 4.5S species corresponds to about 65% of the total small RNA, making it some 4-5 times more abundant than the 5S ribosomal RNA. These various results will be presented elsewhere (Hsu e^ a^., Brown and Fournier, Bourgaize et_ a^L. , in preparation) .
The RNA sequence deduced from the DNA sequence is longer and slightly different from that developed in the original RNA fingerprinting analysis.
The new sequence, shown in Figure 1 , consists of 114 bases which can be folded into a near-perfect hairpin structure. The G + C content is 64%. In the particular hypothetical structure shown 86 of the bases are involved in secondary base pairs, corresponding to 752 of the total nucleotides. In the case of tRNAs and the small ribosomal RNAs the degree of secondary pairing is considerably lower at 45-50%.
Structural analysis of the 4.5S RNA is desirable from two perspectives.
One of course, relates to the eventual identification of important structurefunction relationships. The second is the attraction of characterizing a new RNA form with potentially unique structure. In this regard most of our detailed knowledge of RNA structure has come from analyses of tRNA. This situation Is due to their relatively small size and greater natural abundance. The availability of our over-producing 4.5S RNA gene clones provides the opportunity to initiate in-depth structure studies of a unique new class of small RNA.
In this paper we present results from two physical studies of the 4.5S RNA. These analyses, the first to be carried out on the molecule, Include evaluation by absorbance hyperchromicity and quasi-elastic laser light scattering (QELS). The hyperchromicity method is useful in assessing base-base interactions and overall thermal stability in different solution conditions.
With the QELS technique information about translational diffusion behavior provides additional Insight into stability, shape and effects of solution conditions on hydrodynamic behavior. Measurements of the translational diffusion coefficient can also give valuable Information about tertiary-level conformational changes. Of special interest in this first analysis was an examination of thermal stability and diffusion behavior with a view to assessing hypothetical secondary structures that can be generated from the primary structure. The results show clearly that the 4.5S RNA does indeed possess an unusually high degree of secondary structure and that a folding scheme such as that shown in Figure 1 is consistent with the behavior observed. Figure 1 : Sequence and hypothetical secondary structure of the E. roli 4.5S RNA. The primary structure was deduced from tne DNA sequence of the cloned gene (Hsu t^t ai^. , in preparation). The hydrogen-bonding scheme shown for the secondary structure was derived by maximizing the free-energy of folding using the pairing rules of Tinoco e_t_ al^. (4) . In this arrangement the molecule has 43 base pairs, involving 751 X c .
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of the 114 nucleotides and has a calculated AC of -6P • kcal/mole. The GC-content is 64%.
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METHODS Preparation of 4.5S RNA-All 4.5S RNA was isolated from E. coli JA221
(lacY, leuB6,trpE5, hsdM ,hsdR~,recA-l,C600 background) harboring plasmid pLH45-l, a pBR322 derivative with the 4.5S DNA cloned into the tetracyclineresistance gene. P-RNA was prepared by in vivo labeling in MOPS/glucose medium containing 20 |jg/ml amplcillin (5) ; MOPS is morpholinopropane sulfonate. 0.5 ml of overnight culture was used to inoculate 2 flasks containing 50 ml of the same medium. 15 mCi P-orthophosphate (New England Nuclear) was added to one flask while the second served as a reference culture. Cells were grown at 37°C until the optical density was ^cnn "
1.0 and then harvested by centrifugation. Total small RNA was prepared by phenol extraction as described elsewhere (6 The precipitate was solubilized in 50 raM Tris-HCl, pH 7.5, 0.1 M NaCl, 10 mM MgCl-. After precipitation with ethanol, the sample was solubilized in 10 mM sodium acetate, pH 4.5, 0.4 M NaCl, 10 mM MgCl . 800,000 cpm electrophoresis was for 20 hrs at 4 mA. The desired bands were located by UV shadowing, excised, and the RNA recovered by extraction in the gel elution buffer described above. The recovered material was passed over a 1 ml DEAE-cellulose column to remove residual acrylamide using conditions described above. The purity of the resulting 4.5S RNA was analyzed on 10% polyacrylamide gels under both denaturing and non-denaturing conditions.
Owing to its unusual stability an acid-urea system (sodium citrate, pH 3.5, 6 M urea) was used to achieve complete denaturation (8) .
Sample Preparation for Hyperchromicity Experiments-All measurements were made in 10 mM sodium cacodylate, pH 6.8, with MgCl. concentration and total ionic strength-adjusted with NaCl, as variables. The RNA samples, typically 15-20 pg/ml, were dialyzed against the test solution prior to analysis. To create the zero magnesium condition, the sample was heated to 85°C for 10 minutes in solution containing 2 mM Hepes, pH 7.0, 0.5 M NaCl, 10 mM EDTA, dialyzed against the same buffer, then against the solution condition to be evaluated. Samples were degassed under vacuum prior to measurement.
Sample Preparation for QELS-Thirty yl samples at concentrations typically 8-10 mg/ml were dialyzed against the appropriate test solution.
Samples were preheated for 5 minutes at 37°C, then filtered (Hamilton Syringe, Millipore 0.22 yM filter), half into an equal volume of filtered buffer, half directly into a 2 mm x 2 mm quartz cuvette (Precision Cells) in which the measurements were made. In this manner, 4-6 serial dilutions were prepared for each solution condition evaluated. After measurement, the sample was diluted and the RNA concentration determined spectrophotometrically.
Hyperchromiclty Measurements-Measurements were performed with a Beckman
Model 35 double-beam spectrophotometer with a jacketed cell holder and 1 cm quartz cuvettes. A copper-constantan thermocouple junction was inserted directly into the solution through a teflon cap. A Haake FE programmable circulating water bath was used to heat the sample from 25°-100°C linearly at a rate of 2°C per minute. In each case the melt was repeated using the same sample to insure reproducibility. Evaporation was accounted for by using a control solution of CTP. Since the nucleotide was free in solution, any observed increase in absorbance was presumed to be due to evaporation. The amount of evaporation was corrected for in subsequent measurements. After measurement, sample integrity was evaluated by denaturing acrylamide gel electrophoresis. In each case the experimental material was found to co-migrate with intact, untreated 4.5S RNA.
QELS Measurement-Measurements were performed as described previously (9) . To assess possible evaporation effects during thermal denaturation experiments, the diffusion coefficient of 0.085 uM diameter polystyrene beads (Dow Chemical) was monitored throughout the temperature range used and found to remain constants Extrapolation of averaged X>^ data to zero RNA concentration gives D° « Error within a data set is typically ^1%.
RESULTS
A.5S RNA Purification-4.5S RNA was purified by successive enrichment on columns of BD-cellulose and Sepharose 4B followed by electrophoresis in polyacrylamide. P-4.5S RNA was added to the crude RNA to permit rapid identification of fractions containing the 4.5S species. Figure 4 shows the resulting material to be at least 90% pure by electrophoresis in both denaturing and non-denaturing conditions (see Methods).
Hyperchromicity Experiments-The change in absorbance at 260 nm was observed as a function of temperature as described in the Methods section.
The Tm value is taken as the temperature at the midpoint of the transition, and is used as a measure of the stability of the molecule. In Figure 5 Mg at an ionic strength of 0.1 H. Here, Tm values from 79° to 86°C were ohserved, with greatest stability evident when magnesium was present.
Results for a variety of solution conditions where Mg and ionic strength were varied are shown in Table 1 . In all conditions evaluated, the observed melting temperatures are high for a small RNA species, indicative of unusual stability In some cases, denaturation was still incomplete at 100°C ( Figure 5 , 5 mM MR data) Denaturation was observed to be more cooperative with magnesium present, as judged by the width of the transition As indicated in Table I A differential plot of hyperchromicity versus temperature reveals that denaturation is not fully cooperative^ As seen in Figure 6 , regions of differing thermal stability exist. The major peak coincides with the Tm, while at least one other transition is evident ^10 degrees higher. While this is a very low resolution method of analysis, it does provide evidence There is a dependence of D° upon magnesium concentration at a given ' W +2 ionic strength (see Fig. 8 ). At 2 mM Mg , the diffusion coefficient is highest for all ionic strengths tested with a subsequent 5-10% decrease as +2 magnesium is increased to 5 mM. Further increases in Mf> raise the diffusion coefficient value only slightly. +2 At Mg concentrations of 2 mM and above, changes in ionic strength do not greatly effect the diffusion coefficient (Fig. 8) . At 1 mM MR , however, increasing ionic strength brings D, +2 20,w closer to the values observed +2 at 2 mM Mg ".
This suggests that at lower Mg , salt can mimic the effect +2 of magnesium ion, while at higher Mg levels a specific effect of magnesium may be present. Figure 9 . Generally, an increase in relative diffusion coefficient of 6-10% is seen as the temperature goes from 50°C to 70-80°C. After reaching a peak slightly below the optical Tm, the relative diffusion coefficient decreases sharply as temperature is further increased.
The effect of increased magnesium, as seen in Figure 9 , is to shift the melting profile to higher temperatures; no dependence on ionic strength is observed. This result is similar to that observed in the hyperchromicity experiments, showing that magnesium stabilizes the molecule.
The increase in relative diffusion coefficient seen prior to melting is an interesting feature. It suggests that an alternate stable conformation may exist at higher temperatures, different from that at 20°C.
Hydrodynamic Model
The value of the measured diffusion coefficient clearly shows that the molecule must be in a highly base paired, extended conformation. A calculation of D for a compact spherical shape of reasonable molecular volume, for In theory, a frictional ratio can be obtained from the measured diffusion coefficient. However, due to uncertainties in values for the partial specific volume of the nolecule, these calculations were not performed.
DISCUSSION
The melting temperatures observed in these experiments are unusually high compared to those for other small RNA species and exhibit greater cooperativity. Table II The results from the QELS experiments confirm this conclusion; thermal denaturation is not observed until the temperature reaches 7O-8O°C. In 
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